The effects of the electrical degradation characteristics and microstructure of Sb 2 O 3 -doped ZnO varistors were investigated by optical microscopy, X-ray diffraction (XRD) analysis, and voltage-current (V-I) characteristics analysis. The nonlinearity index α of the V-I characteristics of the Bi-Mn-Co-Sb 2 O 3 -doped ZnO varistors decreased with increasing Sb 2 O 3 content after electrical degradation. The twin crystal of ZnO was formed by doping with Sb 2 O 3 . The number of twin crystals, of which two c-axes are perpendicular to the twin plane, increased and the number of twin crystals, of which c-axes are parallel to the twin plane, decreased with increasing amount of Sb 2 O 3 doped. It is suggested that electrical degradation is affected by the combination of the orientation of ZnO grains containing twin planes and a double Schottky barrier may not be formed in the twin plane.
INTRODUCTION
The mechanism of the non ohmic property of ZnO varistors has been explained using the energy-band model of double Schottky barriers formed at the grain boundary of ZnO grains. Moreover, it is reported that one of the mechanisms of the electrical degradation is the diffusion of oxygen ions through the grain boundary caused by the application of bias voltage and then double Schottky barriers are distorted by the redistribution of electrons and holes near the grain boundary [1] [2] [3] [4] [5] [6] . The relationship between the electrical degradation and doped impurities at the grain boundary has been investigated. It is reported that the crystal structure of Bi 2 O 3 at the grain boundary changed from the α-Bi 2 O 3 type to the δ type by doping appropriate additives such as Al, Si or Co oxide [7, 8] . The structural change of Bi 2 O 3 contributes to the improvement in electrical degradation characteristics. Moreover, it is found that the diffusion of oxygen ions hindered by the δ -Bi 2 O 3 layer at the grain boundary [7, 8] . In this study, the relationship between electrical degradation and the orientation of ZnO grains of Sb 2 O 3 doped ZnO varistors is discussed.
EXPERIMENTS
The additives Bi 2 O 3 , MnO 2 , and Co 3 O 4 in powder form and SbCl 2 were added to ZnO powder (99.9999% purity). The prepared starting materials were Bi(0.5mol%)-Mn(0.5mol%)-Co (0.2mol%)-Sb 2 O 3 (0~1200molppm)-added ZnO. Wet mixtures of these starting materials using ethanol were pressed at 320MPa into a disk of 20mm diameter and subsequently sintered in air at 600°C for 3h. The sintered disks were ground using an agate mortar, pressed at 320MPa into disks, and sintered in air at 1150°C for 3h. The sintered disk was polished to 0.3mm thickness. Aluminum electrodes of 2.38mm diameter were applied to the end surfaces by a vacuum evaporation method. The surface of the ZnO varistor was etched using 0.1mass% HCl aqueous solution for 30s. The etched surface was observed using an optical microscopy (Nikon Eclipse Me600 and All-in-Focus). Average grain size was estimated from the average area calculated for approximately 160 grains.
The value of the non linearity index α was estimated from V-I characteristics using Equation 1
given by 
where I N is 1mA/cm 2 and V N is the voltage at 1mA/cm 2 . V N is the so-called varistor voltage. One sample was electrically degraded by applying a constant current of 100mA/cm 2 for 1, 5, or 30min. α was calculated from V-I characteristics in the current density range from 10 -3 to 10 -2 mA/cm 2 . XRD analysis was carried out at room temperature using diffractmeter (Rigaku Multiflex, Cu-Kα 1 ). Figure 1 shows an optical microscopy image of the polished surface for Bi-Mn-Co-Sb (1200molppm)-doped sample etched using 0.1mass%HCL aqueous solution for 30s. The etching rate of ZnO crystal has anisotropy. The etching rate for the c-plane is smallest [9, 10] . Therefore, the orientation of ZnO grains can be determined from the convex and the roughness of the etched surface. The smooth surface of the ZnO grain shown in Figure 1 is the c-plane. The twin crystals of ZnO were formed by doping with Sb 2 O 3 shown in Figure 1 and the ratio of the number of twins to that of ZnO grains was approximately 60~70%. Three types of combination of orientation of two c-axes to the twin plane were observed. The two c-axes in a twin crystal are intersecting, parallel or perpendicular mutually to the twin plane. Table 1 shows the ratio of each orientation of the twin crystal to all particles for Bi-Mn-Co-Sb(100~1200molppm)-doped samples. The number of twin crystals of which the two c-axes are intersecting is very large. The number of twin crystals, of which the two c-axes are perpendicular to the twin plane, increased and those, of which the two c-axes are parallel to the twin plane, decreased with increasing Sb 2 O 3 concentration. Figure 2 shows the ratios of the relative integral intensities of the diffraction peaks of the (100), (002), (101) and (110) planes of Bi-Mn-Co-Sb (100~1200molppm)-doped samples. For the sample doped with 100ppm Sb 2 O 3 , the integral intensity of the diffraction peak of the (002) plane of ZnO increased compared with that for no-Sb 2 O 3 -doped samples and those of (002) plane decreased with increasing concentration of Sb 2 O 3 . On the other hand, the diffraction peaks of both the (100) and (110) planes decreased and those of both the (100) and (110) Relative integral intensity Ratio of Parallel c-axis Fig.3 . Relationship between ratio of number N 1 of twin crystals to what, of which the two c-axes are parallel, and relative integral intensity of diffraction peak of (002) plane. free energy (surface tension) of the ZnO grain boundary. In the thermally equilibrium state, the surface free energy is minimum. Under this assumption, it is speculated that the addition of Sb 2 O 3 changes the surface free energy. Figure 3 shows the relationship between the ratios of the number N 1 of twin crystals, of which the two c-axes are parallel to the twin plane, and the relative integral intensity of the diffraction peak of the (002) plane. The ratio of the number N 2 of twin crystals, of which two c-axes are perpendicular to the twin plane, corresponds to the relative intensity of the diffraction peak of the (002), (100) and (110) Figure 4 shows the relationship between α before /α 30min after and N 1 . α before /α 30min after decreased with increasing Sb 2 O 3 concentration. Values of α before /α 30min after show similar Sb 2 O 3 concentration characteristics to those of N 2 . Although the crystal structure of Bi 2 O 3 doped with Sb 2 O 3 changed to the δ -type, the electrical degradation was not improved. It is reported that the change in the crystal structure of Bi 2 O 3 at the grain boundary from α-Bi 2 O 3 to the δ -type contributes to the improvement of electrical degradation characteristics and the diffusion of the oxygen ions is hindered by the δ -type at the grain boundary [7, 8] . It is speculated that the diffusion of oxygen ions through the grain boundary is affected by not only impurities at the grain boundary but also the combination of the orientation of ZnO grains or twins. Moreover, It is speculated that a Schottky barrier different from the grain boundary exists on the twin-boundary side.
RESULTS AND DISCUSSION
The average grain size of ZnO or twin crystals and varistor voltage were compared to investigate whether the Schottky barriers are formed at the twin boundary by doping with Sb 2 O 3 or not. The grain size of the twin crystal of Bi-Mn-Co-Sb(0~1200ppm)-doped samples was calculated by the following two methods. (1) A method in which the twin crystal is considered to be one particle. (2) A method in which the twin crystal is considered to be two particles. Figure 5 shows the relationship between varistor voltage and the average grain size calculated using methods (1) and (2) Figure 6 . On the other hand, the product of the varistor voltage and the average grain size calculated as two particles decreased with increasing Sb 2 O 3 concentration. Therefore, it is suggested that double Schottky barriers are not formed, or Schottky barriers with a lower barrier height than that formed at the grain boundary of ZnO are formed at the twin boundary. (2) α before /α 30min after decreased with increasing amount of Sb 2 O 3 . Electrical degradation enhanced by doping with Sb 2 O 3 . The values of α before /α 30min after show similar Sb 2 O 3 contents to the ratio of the twin crystal of which two c-axes are parallel to the twin plane. It is speculated that the diffusion of oxygen ions through the grain boundary is affected by not only impurities at the grain boundary but also the combination of the orientation of ZnO grains or twin crystals. (3) It is suggested that double Schottky barriers are not formed or Schottky barriers with a lower barrier height than that of the grain boundary of ZnO formed at the twin boundary.
